Investigation of rare earth hexaborides RB 6 remains topical because of the variety of their physical properties. These hexaborides include metals (LaB 6 , YB 6 ) [1] , Kondo insulators (SmB 6 ) [2] , heavy fer mion systems (CeB 6 ) [3] , and magnetic systems (PrB 6 , NdB 6 ) [4] . They all are crystallized into a simple crys tal lattice CsCl (space group O1h (Pm3m)), where lan thanide atoms are at Cs positions and octahedra of boron atoms occupy Cl positions.
Hexaboride LaB 6 is a superconductor with the transition temperature T c ~ 0.1 K [1] . Owing to a low work function of electrons, it is applied in industry as a source of electrons. Its electronic and lattice proper ties are well studied. A number of low temperature anomalies were revealed in the behavior of its electric resistivity, heat conductivity, specific heat, and ther mal electron emission [5, 6] . A pseudogap at T < 100 K was found in recent photoemission experiments [7] . Different variants of the electron-phonon interaction are proposed as reasons for the observed anomalies. The phonon spectrum of LaB 6 was studied in many Raman studies [8] [9] [10] . Despite a number of revealed anomalies (the splitting of degenerate modes and the appearance of forbidden lines), manifestations of any effects of the electron-phonon coupling were not reported in those works.
Inelastic light scattering by electrons can provide information on the structure of the Fermi surface, electron velocities, and electron scattering mecha nisms [11, 12] . In this work, we report the first temper ature measurements of the light scattering by electrons in LaB 6 depending on the wave vector q. The compar ison with the spectra simulated using the calculated Fermi surface with the inclusion of the electronphonon scattering effects would make it possible to discuss possible reasons for the observed anomalies and to estimate the electron-phonon coupling con stant and the electron relaxation frequency.
The measurements were performed on (001) and (011) cleaved facets of a LaB 6 single crystal placed in an optical cryostat. The spectra were excited by lines of argon (488 and 514 nm) and helium-neon (633 nm) lasers. The scattered light was detected in the quasi backscattering geometry using a Renishaw RM1000 spectrometer equipped with a cooled multichannel CCD detector or a DFS 24 spectrometer equipped with a cooled single channel photon counter based on a photomultiplier. In the latter case, the laser beam is incident at an angle of 15° to the plane of the sample and the scattered light was collected in the normal direction.
The inset in Fig. 1 shows the Raman spectra of LaB 6 measured at T = 300 K for two polarization geometries. In addition to the allowed symmetry phonons T 2g (676 cm -1 ), E g (1120 cm ) are observed in polar ization geometry; most of them can be attributed to two phonon excitations. The peak near 208 cm -1 is likely due to infrared active oscillation T 1u from the center of the Brillouin zone, which can become active owing to the finiteness of the wave vector. The phonon lines are imposed on the continuum, which has peaks at low (~300 cm -1 ) and high (~3000 cm The inelastic light scattering by intraband electronic excitations in metallic lanthanum hexaboride has been studied in the temperature range of 10-300 K. General agreement has been obtained between the measured spectra and the spectra calculated within the band theory taking into account the renormalization of electron energies owing to electron-phonon scattering. The electron-phonon coupling constant λ and electron relaxation frequency Γ have been estimated. The dependence of the electron self energies on the direction and magnitude of the wave vector has been revealed, implying the anisotropic electron-phonon interaction or the contribution from other electron scattering mechanisms. DOI: 10.1134/S0021364013080122
to luminescence apparently associated with the states of boron because similar luminescence is observed in another hexaboride, SmB 6 . This luminescence is observed in LaB 6 for excitation energies above the plasma frequency (2 eV). We attribute the low energy continuum to inelastic light scattering by electrons, because its frequency varies slightly at different laser excitation energies. Its temperature behavior for exci tation at 514 nm (2.41 eV) from the (011) plane is shown in Fig. 1 . The pronounced peak near 170 cm -1 at 10 K shifts toward higher frequencies and broadens with an increase in the temperature. We previously observed similar scattering in many elementary metals [13] [14] [15] . It was interpreted as collisionless light scat tering whose cross section is determined by the contri bution from all electrons on the Fermi surface and has a maximum at the frequency ω = qv f , where v f is the average velocity of electrons and q is the wave vector transfer.
For comparison with the experiment, the fre quency dependences of the spectrum of light scatter ing by intraband electronic excitations were calculated within the polarization operator formalism with allowance for the electron-phonon scattering effects. The frequency dependence of the scattering cross sec tion is determined by the integral of the electronic sus ceptibility over the distribution of wave vectors (for details, see [14] [15] [16] ):
Here, γ αβ (k f , q, ω) is the matrix element of the elec tron-photon interaction, f(⑀) is the Fermi function, v z is the projection of the velocity on the Fermi surface on the q direction, and Σ(⑀) and Σ(⑀ + ω) are the elec tron self energies determining the renormalization of the electronic spectrum owing to the electronphonon scattering in the isotropic approximation [17] . The electronic structure, Fermi surface, and velocities of electrons on the Fermi surface were calculated using the linearized muffin tin orbital (LMTO) method [18] in the local electron density approximation with an exchange correlation part proposed by von Barth and Hedin [19] . The parameters of the crystal structure of LaB 6 were taken from [20] . A mesh of 125000 k points was used to calculate the electronic susceptibility given by Eq. (1). Empty 4 f states of La were considered as a pseudocore [21] .
The resulting surface is in agreement with previ ously calculated surfaces [22, 23] and its extremal dimensions are in agreement with the experimental data [24] within 3%. Hexaboride LaB 6 is a single band metal. Its Fermi surface consists of six ellipsoids of the 14th band centered at the X points of the Brillouin zone. A small variation of calculation parameters leads to the appearance of small hole surfaces of the 15th band; indications of these surfaces were previ ously obtained in the experiments reported in [24] . However, their volume is at most 10 -4 of the volume of the Brillouin zone and their inclusion hardly affects the calculation results. The distribution of wave vector transfers [25] was calculated with the optical data from [26] and the electron-phonon coupling constant was calculated with the phonon density of states F(Ω) from [27] . The only varying parameter was λ = 2 F(Ω)/Ω, which determines the electronic self energies Σ(ω). Its initial value was determined from the estimate of the relaxation frequency Γ ≈ 2Σ''(ω) at high temperatures. In this case, the colli sionless contribution can be neglected and χ(ω) can be specified by the following expression for the relaxation mechanism [28] : which gives the maximum of the continuum at the fre quency ω = Γ (here, N f is the density of states at the Fermi level). All calculations were performed with a constant matrix element of the electron-photon interaction.
Although lanthanum hexaboride has a parabolic dispersion law, its Fermi surface is anisotropic. This is one of the reasons responsible for the observation of electronic light scattering; it is commonly accepted [29, 30] that this scattering has a low intensity in the limit q 0 for the scalar component in the nonreso nant case. In addition, as will be shown below, the observed scattering is determined by a small nonzero wave vector. The spectra calculated with λ = 0.26 for several temperatures are shown in Fig. 1 along with the measured spectra whose intensity is divided by n(ω) + 1, where n(ω) is the Bose-Einstein factor. Agreement with the experiment is satisfactory, but experimental peaks at low temperatures are narrower than the calcu lated ones. The shape of the spectrum and the position of the maximum are determined by the topology of the Fermi surface and electron velocity distribution. This circumstance makes it possible to estimate the average velocity of electrons as v f = 6.5 × 10 7 cm/s. The achieved agreement confirms that the observed spectra are really determined by the intraband electronic exci tations. The extrapolation of the spectra measured at 10, 30, and 65 K shows that zero intensity is reached at nonzero frequency. However, the situation changes with a further increase in the temperature (Fig. 1) . This possibly indicates a decrease in the density of states near the Fermi level at T < 100 K, which corre lates with the photoemission data reported in [7] . The reported data were obtained using a spectrometer with cutoff filters with a threshold of about 90 cm -1 . Owing to this circumstance, the low frequency range of the spectrum could not be studied in more detail. An increase in the intensity of the spectra measured with excitation at 633 nm (1.96 eV) continued up to the cutoff threshold, preventing an accurate determina tion of the position of the peak. For this reason, addi tional measurements were performed at 80 K using a DFS 24 spectrometer with 633 , 514 , and 488 nm excitation lines. As a result, the measurement range was expanded to 20 cm -1 . The resulting spectra are shown in Fig. 2 along with the calculated spectra. The optical constants of LaB 6 vary strongly in the visible range of the spectrum. As a consequence, the position of the maximum in the distribution of wave vectors under investigation changes by almost a factor of 3 (see inset in Fig. 2 ). This change is responsible for the shift of the maximum of the electronic continuum ω = qv f with an increase in the excitation energy of the spec trum toward higher frequencies; this behavior is satis factorily reproduced in the calculation.
The calculations shown in Fig. 2 were performed with the electron-phonon coupling constant λ = 0.26 for excitation at 514 and 488 nm and with λ = 0.17 for excitation at 633 nm. Since the expression used for the imaginary part of the electron self energy Σ''(ω) [16] provides a significant frequency dependence even at room temperature (inset in Fig. 3 ), the dominance of the relaxation term at high temperatures will assum ingly allow the description of electronic continua with a single λ value for any probing wave vector. In this case, the calculation gives almost coinciding positions for continua measured at 300 K with excitation at 633 and 514 nm (the dashed and solid lines in Fig. 3 , respectively, calculated with λ = 0.26). However, although the calculated spectra almost coincide with each other, the position of the continuum for excita tion at 633 nm in the experiment is almost 100 cm -1 lower. This fact can indicate that electron relaxation frequency can depend not only on the energy but also on the magnitude of the wave vector; this magnitude for excitation at 514 nm is larger than the value for excitation at 633 nm by a factor of 2.5. In order to cor rectly reproduce the spectrum excited by the 633 nm line, λ was reduced to 0.17. This also gave better agree ment with the experiment at T = 80 K (Fig. 2) . 
PONOSOV, STREL'TSOV
Another surprising result is demonstrated in Fig. 4 , where the spectra measured with excitation at 514 nm for the (001) and (011) crystal planes are shown. The position of the continuum with the wave vector direc tion q || [001] in the experiment is shifted by 10-15% toward higher frequencies with respect to the maxi mum of the continuum with q || [011]. The last fact contradicts the calculated spectra exhibiting the oppo site tendency. This can mean a larger renormalization of the mass of the electron for q || [011] at low temper atures. An increase in the temperature is accompanied by a decrease in the energy difference and the maxima of the continua at room temperature are observed at the same energy.
Our estimates λ = 0.17-0.26 are somewhat lower than a calculated value of 0.33 [31] and the estimated electron relaxation frequency Γ ~ 260 cm -1 is twice as high as the values obtained from the optical measure ments [32] . Comparison of the experimental and cal culated spectra confirms that the observed scattering is determined by intraband electronic excitations and the electron-phonon interaction is the main mecha nism of the renormalization of the energies of elec trons. At the same time, the revealed discrepancies indicate either a strong dependence of the electronphonon scattering on the magnitude and direction of the wave vector or the existence of additional electron scattering mechanisms. Furthermore, our calcula tions were performed with the constant matrix ele ment of the electron-photon interaction γ αβ (k), which implies resonance conditions for the entire Fermi surface. The calculation for real resonance con ditions can likely lead to a difference between spectra measured with different excitation energies. More over, the curvature of the Fermi surface serves as the matrix element in the nonresonant situation [11, 12] . This can possibly lead to a change in the frequencies of the continua for different directions of the momen tum. The indicated effects require additional investi gations, the more so that rare earth hexaborides, hav ing a simple electronic spectrum in combination with the possibility of variation of the probing wave vector, are convenient model objects for detailed studies of the manifestations of the electronic dynamics in light scattering and its changes at the transition from a superconductor with weak coupling (LaB 6 with T c = 0.1 K) to a superconductor with strong coupling (YB 6 with T c = 7.5 K) [1] .
